E-cadherin is a member of the classical cadherin family and is known to be involved in cell-cell adhesion and the adhesion-dependent morphogenesis of various tissues. We isolated a zebrafish mutant (cdh1 rk3 ) that has a mutation in the e-cadherin/cdh1 gene. The mutation rk3 is a hypomorphic allele, and the homozygous mutant embryos displayed variable phenotypes in gastrulation and tissue morphogenesis. The most severely affected embryos displayed epiboly delay, decreased convergence and extension movements, and the dissociation of cells from the embryos, resulting in early embryonic lethality. The less severely affected embryos survived through the pharyngula stage and showed flattened anterior neural tissue, abnormal positioning and morphology of the hatching gland, scattered trigeminal ganglia, and aberrant axon bundles from the trigeminal ganglia. Maternal-zygotic cdh1 rk3 embryos displayed epiboly arrest during gastrulation, in which the enveloping layer (EVL) and the yolk syncytial layer but not the deep cells (DC) completed epiboly. A similar phenotype was observed in embryos that received antisense morpholino oligonucleotides (cdh1MO) against E-cadherin, and in zebrafish epiboly mutants. Complementation analysis with the zebrafish epiboly mutant weg suggested that cdh1 rk3 is allelic to half baked/weg. Immunohistochemistry with an anti-b-catenin antibody and electron microscopy revealed that adhesion between the DCs and the EVL was mostly disrupted but the adhesion between DCs was relatively unaffected in the MZcdh1 rk3 mutant and cdh1 morphant embryos. These data suggest that E-cadherin-mediated cell adhesion between the DC and EVL plays a role in the epiboly movement in zebrafish. q
Introduction
A zebrafish embryo undergoes a set of cell movements, which establishes the proper embryonic structure, during early embryogenesis. These movements include epiboly, involution/ingression, and convergence and extension, and involve some or all of the cells in the embryo. In the late blastula, the embryo is composed of three cellular domains: the enveloping layer (EVL), the deep cells (DCs), and the yolk cell. The EVL is a superficial, single-cell-thick layer that covers the mass of DCs and attaches to the yolk cell with its vegetal end. The cortical region of the yolk cell can be divided into three components: the yolk cytoplasmic layer (YCL), and the external (E-) and internal (I-) yolk syncytial layer (YSL) (Sakaguchi et al., 2002) . The YSL is established at around the 512-1024-cell stage by fusion of the marginal blastomeres with the yolk cell (Kimmel and Law, 1985) . The E-YSL is established as a thin, densely nucleated layer located vegetally at the blastoderm margin, and the I-YSL is a relatively sparsely nucleated cytoplasm located under the DCs (D' Amico and Cooper, 2001; Kimmel et al., 1995) . The rest of the yolk cell is covered by the anuclear YCL. Epiboly is the first morphogenetic movement, and it starts at the late blastula stage. At the beginning of epiboly, the yolk cell domes upward, and the blastoderm (DCs and EVL) becomes a cup-shaped multilayer of cells around the doming yolk. The EVL, DCs, and YSL spread over and around the remaining the yolk cell toward the vegetal pole during gastrulation and completely cover the yolk at the end of gastrulation (10 h post-fertilization, hpf). During this process, the YCL and yolk cell membrane are removed by internalization (Kane and Adams, 2002; Solnica-Krezel and Driever, 1994) . Studies in Fundulus heteroclitus showed that the E-YSL plays an important role in driving epiboly. In the Fundulus embryo, epiboly can take place in the absence of the blastoderm, and the blastoderm does not exhibit epiboly unless it attaches to the YSL (Betchaku and Trinkaus, 1978; Trinkaus, 1951) . The EVL tightly adheres with the YSL (Betchaku and Trinkaus, 1978; Trinkaus, 1951) , further suggesting that the YSL is a driving force for the EVL during epiboly.
The molecular basis of epiboly is not fully understood. Microtubule arrays are reported to be involved in the vegetal movements of the YSL (Solnica-Krezel and Driever, 1994; Strahle and Jesuthasan, 1993) . Two microtubule arrays have been observed in the zebrafish embryo during epiboly: one intercrossing the YSL and the other extending along the animal-vegetal axis in the YCL (Solnica-Krezel and Driever, 1994) . Disruption of the microtubule arrays by either ultraviolet irradiation or treatment with a microtubule-destabilizing agent, nocodazole, impairs epiboly (Solnica-Krezel and Driever, 1994; Strahle and Jesuthasan, 1993) . In addition to microtubule arrays, ring-like F-actinbased structures are observed in the edges of the EVL and DCs, and punctate actins are observed in the E-YSL (Cheng et al., 2004) . The disruption of microfilaments by cytochalasin B treatment impairs epiboly, implicating a role for microfilaments in the epiboly of the EVL, DCs, and YSL (Cheng et al., 2004) . Zebrafish mutants with impaired epiboly have been reported (Kane et al., 1996; SolnicaKrezel et al., 1996) , and all of these mutants show the epiboly of the EVL, DCs, and YSL to be uncoupled. In these mutants, the vegetal expansion of the EVL and YSL takes place, but the epiboly of the DCs is arrested, indicating that the movement of the DCs is specifically affected. Among these mutants, half baked, avalanche, lawine, and weg are mapped to a single locus, and they are considered alleles (Kane and Adams, 2002) .
Convergence and extension are the morphogenetic processes that result in the mediolateral narrowing and anterior-posterior elongation, respectively, of tissues or cell populations in the vertebrate gastrula (Solnica-Krezel and Cooper, 2002) . The convergence and extension movements are associated with cell behavior in a manner dependent on cell positions. In the dorsal region, mediolateral intercalation is a major process underlying convergence and extension (Concha and Adams, 1998; Kimmel et al., 1994) . In the lateral regions, the cells migrate dorsally (Concha and Adams, 1998; Sepich et al., 2000) . In addition, epiboly is thought to affect convergence and extension (Solnica-Krezel and Cooper, 2002) . Studies of zebrafish mutants that display abnormalities in convergence and extension have revealed genes involved in these processes. The Wnt planar cell polarity pathway has been shown to play an essential role in convergence and extension (Carreira-Barbosa et al., 2003; Heisenberg et al., 2000; Jessen et al., 2002; Kilian et al., 2003; Marlow et al., 2002; Rauch et al., 1997; Topczewski et al., 2001) ; however, the role(s) of other genes/proteins have not been clear. For instance, although paraxial protocadherin (papc) is thought to be involved in the convergence and extension in zebrafish and Xenopus embryos Yamamoto et al., 1998) , papcdeficient mice do not show any significant abnormalities in embryonic development (Yamamoto et al., 2000) . The roles of other cell-adhesion molecules remain to be elucidated.
E-cadherin was the first member of the cadherin family to be discovered and is involved in the Ca 2C -dependent intercellular adhesion between epithelial cells (Takeichi, 1977 (Takeichi, , 1988 . The expression of e-cadherin/cdh1 in mouse and chick embryos has indicated roles for E-cadherin in various morphogenetic processes (Takeichi, 1988) . Antibodies interfering with E-cadherin inhibit the blastomere compaction of early mouse embryos (Hyafil et al., 1980; Vestweber and Kemler, 1984) . Maternal transcripts of cdh1 rescue early defects in e-cadherin-deficient mouse embryos, and homozygous cdh1-deficient embryos survive until the blastocyst stage but show strong defects in the formation of trophoectodermal epithelium and cavitation (Larue et al., 1994; Riethmacher et al., 1995) . Due to the early embryonic lethality, the roles of E-cadherin at later stages of mouse development have not been well addressed. In zebrafish, e-cadherin/cdh1 transcripts and E-cadherin/Cdh1 protein are deposited maternally (Babb et al., 2001; Babb and Marrs, 2004) . During gastrulation, cdh1 expression is detected in the anterior mesendoderm, which gives rise to the hatching gland, and in the developing epithelial tissues (Babb et al., 2001) . Inhibition of Cdh1 protein by translation-blocking antisense morpholino oligonucleotides (MOs) leads to various defects in cell adhesion and the morphogenetic processes of several tissues (Babb and Marrs, 2004) . The molecular mechanisms underlying these abnormalities have not been addressed. Furthermore, hypomorphic alleles of the cdh1 mutation are required to study the role of E-cadherin in late development.
In this study, we isolated a hypomorphic allele of the cdh1 mutant in zebrafish (cdh1
rk3
) and investigated the roles of E-cadherin in the gastrulation movements and, in later development, tissue morphogenesis, using zygotic and maternal-zygotic (MZ) cdh1 rk3 mutant embryos. We also addressed the molecular mechanism by which E-cadherin controls epiboly.
Results

Isolation of the rk3 mutant
By a haploid screening of ENU-induced mutants, we isolated a zebrafish mutant, rk3, that displayed abnormal convergence and extension movements when the embryos were haploid (data not shown) (Yabe et al., 2003) . Few of the heterozygous diploid rk3 embryos showed significant abnormalities, although a minor population did show a marginal abnormality in hatching gland formation (data not shown). Homozygous embryos obtained from crossing the heterozygous rk3 fish displayed variable phenotypes in gastrulation and tissue morphogenesis (Fig. 1) . The severity of the phenotypes was dependent on the parents and culture conditions (Fig. 2) . One group of embryos completed epiboly at 10 hpf, like wild-type embryos, at 28.5 8C. However, these mutant embryos often had an irregular embryonic surface and distorted dorsal midline, and displayed dissociation of cells from the embryonic surface (Fig. 1B) . In addition to these phenotypes, the severely affected embryos showed a delay in epiboly (Fig. 1C) . At the segmentation stage, most of the embryos had a shorter anterior-posterior axis and wider somites than wildtype embryos, and showed cell dissociation from the embryonic surface (Fig. 1E,F) . These embryos often underwent yolk lysis during segmentation, resulting in embryonic lethality. The rest of the mutant embryos survived more than 24 hpf and displayed an abnormal morphology in the tail, neural tissues, and hatching gland. In the most severely affected mutant embryos (Class I, Fig. 2 ), there was a short tail or no tail structure, the anterior neural tissue was flattened, and the tectum and/or midbrainhindbrain boundary (MHB) was not apparent. In less severe phenotypes (Class II, Fig. 2 ), there was a tail and discernible structure of the anterior neural tissue, but the anterior neural tissue was flattened. In both classes of embryos, the hatching gland stayed in front of the head and did not spread laterally (Fig. 1G,J) . In situ hybridization with the hatching gland marker hgg1 (cathepsin L, b in the Zebrafish Information Network) showed that the hatching gland stayed on the anterior midline, or was separated into two domains in the rk3 mutant embryos (Fig. 1H,I ,K-M). Although the mutant embryos showed variable expressivity of the abnormally flattened anterior neural tissues, Bodipy-ceramide staining revealed the midbrain, MHB, and hindbrain structures clear, but the neural tissues were highly flattened and there was little ventricular space (Fig. 1N ,O,R,S). The mutant embryos had Mauthner neurons at rhombomere 4, and the axons from the Mauthner neurons seemed to be unaffected in the mutant embryos (data not shown). The medial and lateral longitudinal fascicules (MLF and LLF) in the hindbrain were also apparently unaffected in the mutant embryos (data not shown). Immunostaining with antiacetylated tubulin revealed that the trigeminal ganglia were located more laterally in the mutant embryos, compared to the wild-type embryos (Fig. 1P,T) . The neurons in the trigeminal ganglia were scattered or loosely organized, and their axons were disorganized in the mutant embryos (Fig. 1Q,U) . We did not observe significant abnormalities in the axon tracts of the forebrain and midbrain (data not shown). However, we detected abnormal positioning of Rohon-Beard neurons (10/30) and aberrant neural tracts in the dorsal midline of the posterior hindbrain and the anterior spinal cord (5/29) in the mutant embryos (Fig. 1P,T) . These data suggest that the rk3 mutation does not affect the body patterning or cell differentiation, but rather affects the morphogenetic processes, including cell movements and tissue integration.
Although the severity of the mutant phenotype varied according to the parent pairs, the embryos generally showed weaker phenotypes when they were cultured at 34 8C than at 28.5 8C (Fig. 2D) , suggesting that the rk3 mutation is a temperature-sensitive allele. The mutant homozygous embryos that were cultured at 34 8C survived for several days but did not grow to adulthood (data not shown), for unknown reasons. Due to the variability of mutant phenotypes, we did not carry out temperature-shift experiments using the rk3 mutation.
The rk3 locus encodes E-cadherin
By segregation analysis using simple length polymorphism (SSLP) markers, we mapped the rk3 locus to chromosome 7 in the vicinity of SSLP marker z8156 (no recombination in 40 meioses, Fig. 3A ). The zebrafish e-cadherin (cdh1 in the Zebrafish Information Network) gene was also mapped near z20715, which is close to z8156, on chromosome 7 (data not shown). We therefore examined whether the rk3 locus was close to the cdh1 gene by segregation analysis using a restriction fragment length polymorphism (RFLP) marker within the cdh1 gene. We found no recombination in 88 meiotic events, raising the possibility that the rk3 locus encoded Cdh1. We then isolated cDNAs from the homozygous rk3 mutant embryos and found the insertion of a stop codon on the 5 0 side of the codon for Valine-71 of Cdh1. We isolated the genomic fragment surrounding the first intron from the mutant embryos by PCR and sequenced it. We found a T to A point mutation at the -5 nucleotide position from the 2nd exon, which generated an aberrant splicing acceptor (SA) site and introduced a stop codon into the mutant transcripts (Fig. 3B) , as we had observed in the mutant cDNA. RT-PCR analysis revealed that the major cdh1 transcripts were an aberrant, longer, form in the rk3 mutant embryos (Fig. 3C) . Culturing the mutant embryos at the permissive temperature of 34 8C did not affect the splicing (Fig. 3C) . The expression of E-cadherin protein was severely decreased in the maternal-zygotic rk3 mutant embryos (described below), irrespective of the culture temperature (Fig. 3D) . We found that the injection of 400 pg of mouse e-cadherin (mcdh1) RNA suppressed the rk3 mutant Fig. 1 . The rk3 mutant shows cell detachment, epiboly delay, and abnormalities in the formation of neural tissues and the hatching gland. (A-C) Morphology of the wild-type (A) and rk3 homozygous mutant embryos (B, C) at 10 hpf (bud stage for wild-type embryos). Lateral views with dorsal to the right. A group of the embryos completed epiboly at 10 hpf, but showed an irregular embryonic surface, distorted dorsal midline, and dissociation of cells (B, arrowhead) . Severely affected embryos showed a delay in epiboly (C). The severity of the mutant phenotypes varied depending on the mating pairs and culture temperature ( Table 1 ). Taking these findings together, we concluded that the rk3 locus encodes E-cadherin (Cdh1), and we designated the mutation as cdh1 rk3 (rk3 is the allele name).
Maternal-zygotic cdh1 rk3 mutants show epiboly arrest
A population of cdh1 rk3 homozygous mutant embryos that received mcdh1 RNA grew normally to adulthood. We crossed the rescued cdh1 rk3 homozygous male and female fish and obtained maternal-zygotic (MZ) cdh1 rk3 mutant embryos. We also obtained Maternal (M) cdh1 rk3 mutant embryos by crossing the rescued homozygous cdh1 rk3 females and wild-type male fish. MZcdh1 rk3 mutant embryos displayed epiboly arrest (Fig. 4A,B) . The blastoderm of the MZcdh1 rk3 mutant embryos exhibited about 60-70% epiboly at 10 hpf, when the epiboly of wildtype embryos is complete. It was previously reported that epiboly mutants such as half baked (hab), weg, and volcano (vol) show different epiboly behaviors of the enveloping layer (EVL), the deep cells (DCs), and the yolk syncytial layer (YSL) during gastrulation (Kane et al., 1996; Solnica-Krezel et al., 1996) . In these mutant embryos, the epiboly of the EVL and YSL is not obviously affected and is completed at the end of gastrulation, whereas the epiboly of the DCs is slower and becomes arrested. To examine the epiboly behavior of the EVL, DCs, and YSL of the MZcdh1 rk3 mutant embryos, we carried out in situ hybridization with the markers apoA-I and keratin8, which are specifically expressed in the YSL and EVL at this period, respectively (Babin et al., 1997; Imboden et al., 1997) . Sections of stained embryos showed that the YSL and EVL reached or were close to the vegetal pole at 10 hpf ( Fig. 4E- 
G). Differential interference contrast (DIC) optical images of the MZcdh1
rk3 mutant embryos and the DAPI-stained mutant embryos further confirmed that the EVL and YSL had reached the vegetal pole, whereas the DCs stopped epiboly on their way to the vegetal pole (60-70% epiboly) ( Fig. 4I-K) . The Mcdh1 rk3 mutant embryos displayed a slight delay in epiboly at 10 hpf (Fig. 4C) , but recovered at a later stage. The Mcdh1 rk3 mutant embryos also had normal anterior neural Fig. 2 . The rk3 mutation is a temperature-sensitive allele. Embryos obtained from crossing five different pairs (1-5, D) of the rk3 heterozygotes were divided into two groups: one was incubated at 28.5 8C and the other at 34 8C. The phenotypes of the embryos were classified into four categories based on morphological inspection. Embryos that died by 24 hp were classified as 'dead'. Class I embryos survived over 24 hpf, and had a very short or no tail structure and no discernible structure of the tectum and/or the midbrain-hindbrain boundary (MHB) (B). Class II embryos survived over 24 hpf, and had a tail and flattened neural structure with discernible midbrain and MHB structures (C). Embryos that did not show apparent abnormalities at 24 hpf were classified as 'wild-type' (wt) (A). The percentages of each class of embryos are indicated in the bar graph (D). Although the phenotypes of the rk3 embryos varied by parent pair, they were more severe in embryos incubated at 28.5 8C than at 34 8C.
(arrowheads in P, T) were located more laterally, and the neurons in the trigeminal ganglia were scattered or loosely organized, and their axons were disorganized in the rk3 mutant embryos. Abnormal positioning of Rohon-Beard neurons (arrows) and aberrant axon tracts in the dorsal midline (dot in T) were observed in the posterior hindbrain and the anterior spinal cord in the rk3 mutant embryos.
tissues and hatching glands at the pharyngula stage (Fig. 4D ). The data suggest that the maternally deposited cdh1 transcripts cooperate with the zygotic cdh1 transcripts to control the epiboly of the DCs.
The zygotic (Z) cdh1 rk3 mutant embryos displayed variable phenotypes, suggesting that rk3 is a hypomorphic allele. To address this issue, we injected antisense morpholinos (MOs) against cdh1 into wild-type and The rk3 zygotic homozygous embryos were cultured at 28.5 or 34 8C. RNAs from mutant embryos that survived more than 24 hpf were isolated and subjected to RT-PCR using primers that correspond to the 3 0 end of the first exon and the 5 0 end of the second exon. The PCR products were separated in a 20% polyacrylamide gel.
The PCR product in each lane was derived from a single embryo. The mutant embryos had a longer transcript irrespective of the culture temperature. (D) E-cadherin protein was severely decreased in the maternal-zygotic (MZ) cdh1 rk3 mutants. Embryos obtained from crossing the homozygous cdh1 rk3 mutants, which were rescued by the expression of mouse e-cadherin, were grown at 28.5 or 34 8C, until wild-type (wt) embryos born at the same time reached the five-to-six somite stage. The embryo lysates were separated by SDS-PAGE and immunoblotted with anti-zebrafish E-cadherin antibodies. (E) Injection of 400 pg mouse e-cadherin (mcdh1) RNA suppressed the phenotypes of the zygotic rk3 mutant phenotypes (Eb, c). Ea, control.
Zcdh1
rk3 embryos. We prepared two MOs: one recognized the translational initiation site of Cdh1 (translation-blocking MO), and the other recognized the splicing donor of the first intron and inhibited only the zygotic transcripts (splicing-blocking MO, cdh1MO). Embryos that received either MO showed epiboly arrest, similar to the MZcdh1 rk3 mutant embryos (Fig. 4H , data not shown for the translationblocking MO) (Babb and Marrs, 2004) . Embryos that received the control MOs which contained five mispaired bases did not show any apparent abnormal phenotypes (nZ43, 0% for 1 ng of the control MO for the translationalblocking MO; nZ36, 0% for 2 ng of the control MO for the splicing-blocking MO). We injected 500 pg, 1 or 4 ng cdh1MO (splicing-blocking MO) into embryos obtained from crossing the cdh1 rk3 fish, whereas only 1.7% (nZ59) of the non-injected control embryos showed epiboly arrest, all of the cdh1MO-injected embryos showed it, irrespective of genotype (nZ78 for 4 ng, nZ83 for 1 ng, and nZ80 for 500 pg). These data indicate that further inhibition of the zygotic cdh1 transcripts by the MO enhanced the phenotype of the Zcdh1 rk3 mutant embryos. Therefore, rk3 is a hypomorphic allele. The cdh1 morphant embryos did not show temperature-dependent variations in the mutant phenotypes, indicating that the temperature-sensitive property is not associated with strong defects in the Cdh1 proteins, but rather, is specific to the rk3 allele.
The MZcdh1 rk3 mutant embryos showed epiboly arrest that was similar to the zygotic recessive phenotypes of half Embryos obtained from crossing the heterozygous rk3 fish were injected with 400 pg of mouse e-cadherin RNA (mcdh1). The injected embryos were classified into three categories by morphological inspection. Embryos that displayed the typical rk3 phenotypes ( Fig. 1 ): embryonic lethality with epiboly delay and yolk lysis at the gastrula and segmentation periods, flattened neural tissue, and an abnormal hatching gland at 24 hpf, were classified as 'lethal or flattened heads'. Embryos that showed other phenotypes were classified as 'non-specific' abnormalities. baked (hab), avalanche, lawine, and weg (Kane et al., 1996) . The genes responsible for these mutants are mapped to a single locus (Kane and Adams, 2002) . We conducted complementation analysis with weg tx230 , which is a recessive allele and does not show dominant phenotypes. Embryos obtained from crossing cdh1 rk3 female and weg tx230 male fish showed various phenotypes at 10.5 hpf (nZ224): epiboly arrest (4.0%, Fig. 5C ), distorted dorsal midline with cell dissociation (18.8%, Fig. 5B ), and normal morphology with cell dissociation (2.7%, Fig. 5A ). These phenotypes were seen in the cdh1 rk3 (distorted dorsal midline and cell dissociation) and/or weg tx230 mutant embryos (epiboly arrest), and the proportion of phenotypic embryos was 25.5%, suggesting that cdh1 rk3 and hab/ weg tx230 are allelic.
E-cadherin is involved in gastrulation movements
The zygotic cdh1 rk3 mutant embryos had wider somites at the early segmentation stage, compared with wild-type embryos (Fig. 6A-D) , suggesting that the mutation affects the dorso-ventral axis formation, or the convergence and extension movements. We observed no significant abnormalities in the expression of chordin, goosecoid, or bmp2b at the mid-to-late gastrula stage (Fig. 6E-H , data not shown for bmp2b), indicating that the formation of the dorso-ventral patterning was not affected in the cdh1 rk3 mutant embryos. We next examined convergence and extension movements in the cdh1 rk3 mutant embryos. We labeled cells that were located in the embryonic shield or in the lateral blastoderm margin (at 908 from the embryonic shield) by uncaging caged fluorescein (Fig. 6I-L) at the shield stage, and we traced the positions of the labeled cells at the end of gastrulation (10 hpf). The cells derived from the embryonic shield extended along the anteriorposterior axis and moved anteriorly to 121.8G4.38 from the embryonic shield in the wild-type and 110.8G4.48 in the cdh1 rk3 mutant embryos (Fig. 6I,J) . The cells in the lateral blastoderm margin moved to the dorsal side through convergence movement in an arc of 59.4G5.98 in the wild-type but 50.7G11.28 in the cdh1 rk3 mutant embryos (Fig. 6K,L) . The lateral blastoderm margin-derived cells were distributed in the paraxial protocadherin (papc)-expressing paraxial mesoderm in both the wild-type and cdh1 rk3 mutant embryos (Fig. 6M,N) , confirming that the fate of those cells was not affected. These data indicate that the convergence and extension movements were slightly affected in the cdh1 rk3 mutant embryos. We further examined the migration of the anterior axial mesendoderm, which is thought to be controlled by a different mechanism from the convergence and extension (Montero et al., 2003) , in the MZcdh1 rk3 mutant embryo and the cdh1 morphant embryos. We observed the filopodia formation of the anterior axial mesendoderm (prechodal plate progenitor) cells in the wild-type, the MZcdh1 rk3 mutant, and the cdh1 morphant embryos (Fig. 6O ,P, data not shown for MZcdh1 rk3 mutant embryos). However, the number of the cellular processes (e.g. filopodia) of the anterior axial mesendoderm was slightly reduced in the cdh1 morphant embryos; the average cellular processes are 4.80G1.32 in the control vs. 3.53G1.96 in the cdh1 morphant embryos (nZ15 cells from three embryos, cells were analyzed at four consecutive time points (time interval, 6 min)). Tracking single cells in the anterior axial mesendoderm at the late gastrula period revealed that the speed of the anterior axial mesendoderm cells (average speed for 22 min from 8.5 hpf) was 5.34G0.92 mm/min in the wild-type embryo (nZ15 cells from two embryos) and 2.55G0.80 mm/min in the cdh1 morphant embryos (nZ13 from two embryos), indicating reduced migration of the anterior axial mesendoderm in the Cdh1-defective embryos. Therefore, E-cadherin is required for the proper gastrulation movements, convergence, extension, epiboly, and migration of the anterior axial mesendoderm.
We also examined the role of E-cadherin in epiboly by transplantation experiments. When we transplanted blastomeres from control and cdh1 morphant embryos into wild-type early gastrulae, both the control and Cdh1-deficient cells, which were only contributed to the DC population, underwent epiboly in the wild-type embryos ( Fig. 6Q ). In the complementary experiment, the control and Cdh1-deficient cells did not undergo epiboly in the cdh1 morphant embryos (Fig. 6R) . Neither the control nor Cdh1-deficient cells showed clump formation and both the cell populations were dispersed similarly in the DC population (Fig. 6R) . These data indicate that the Cdh1-deficient cells behave in the same manner as the attached surrounding cells in the wild-type and the cdh1 morphant embryos. These data did not show whether the action of E-cadherin for epiboly is cell-autonomous or non-cell-autonomous, but rather suggest rk3 mutant (J, L) embryos were labeled by uncaging fluorescein dextran with ultraviolet light at the shield stage. The position of the labeled cells was determined at 10 hpf. Lateral views with dorsal to the right (I, J), and vegetal pole views with dorsal to the right (K, L). The angles for the anterior movements (extension and migration) of the anterior mesendoderm were 121.8G4.38 (averageGSD, nZ8) in the wildtype and 110.8G4.48 (nZ5) in the cdh1 rk3 mutant embryos. The angles for the convergence movements of the lateral blastoderm margin were 59.4G5.98 (nZ7) in the wild-type and 50.7G11.28 (nZ7) in the cdh1 rk3 mutant embryos. Embryos in which the lateral blastoderm margin was labeled were fixed at 10.5 hpf (the two-somite stage for wild-type) and stained with papc riboprobe (purple) and anti-fluorescein antibodies (red) (M, wild-type; N, cdh1 rk3 mutant). (O, P) DIC images of the anterior axial mesendoderm in the wild-type (O) and cdh1 morphant mutant embryos (P) at 8.5 hpf (80% epiboly for the wild-type). The filopodia formation (arrows) of the anterior axial mesendoderm was observed in both the wild-type and the cdh1 morphant embryos. (Q, R) Transplantation of wild-type and Cdh1-defective cells into wild-type (Q) and cdh1 morphant embryos (R). Cells in the blastoderm margin were isolated from wild-type control (marked by Alexa Fluor 568 dextran, red) and cdh1 morphant (marked by fluorescein dextran, green) embryos and transplanted into the ventral margin of shield stage wild-type embryos. The locations of the control and the cdh1 morphant cells were determined at 9 hpf. Both the transplantation experiments were carried out nine times and the representative data were shown. Ventro-posterior (Q) and ventral (R) views. 
X). Confocal sections in the lateral blastoderm margin (C, D, G, H, K-M, P-R), cross sections of the dissected embryos (C, D, G, H, L, M, Q, R), and optical sections at the level of the deep cells (K, P). (D, H, M, R) DIC images of (C, G, L, Q). Confocal optical section of the epiboly margin at the level of the EVL (U, Y) and deep cells (V, Z)
. Cdh1 protein was strongly detected in the contact surface between the EVL and the DCs (arrowhead in C). Accumulation of b-catenin was detected on the contact surface between the YSL and the DCs in the wild-type embryos but was severely decreased in the MZcdh1 rk3 mutant embryos (arrowheads in L, Q). The ring-like F-actin-based structures were detected in the edges of the EVL (arrowheads, U, Y) and the edge of the DCs (arrowheads in V, Z), and punctate actin bands were detected in the E-YSL (arrows in U, V, Y), adjacent to the edges of the EVL and the DCs in the wild-type embryos, and to the edge of the EVL in the MZcdh1 rk3 mutant embryos.
that the cell adhesive property of Cdh1-deficient DCs with other DCs is maintained.
E-cadherin is required for adhesion of the EVL and DCs
To reveal the molecular mechanism by which E-cadherin/Cdh1 controls gastrulation movements, we investigated cell adhesion and microfilament formation by staining the MZcdh1 rk3 mutant embryos with anti-Cdh1 and anti-bcatenin antibodies, and Alexa Fluor 488-phalloidin (Fig. 7) , respectively, and by electron microscopic analysis of the cdh1 morphant embryos (Fig. 8) . Cdh1 protein was detected on the cell surfaces, which can be seen between adjacent EVL cells and adjacent DCs (Fig. 7A,B) in the wild-type embryos, as reported previously (Babb and Marrs, 2004) , but not in the MZcdh1 rk3 mutant embryos (Fig. 7E,F ). In addition, we detected a strong signal at the border between the DCs and the EVL cells (Fig. 7C, arrowhead) . Similarly, an accumulation of b-catenin on the cell surfaces, seen between adjacent EVL cells and adjacent DCs, was observed in the wild-type embryos (Fig. 7I-K) . In the MZcdh1 rk3 mutant embryos, the b-catenin on the cell surfaces was maintained, but at a reduced level ( Fig. 7N-P) , suggesting that other cadherins or membrane-anchored protein(s) can recruit b-catenin to these cell surfaces in the MZcdh1 rk3 mutant embryos. The accumulation of b-catenin at the border between the EVL cells and DCs was detected in wild-type embryos (Fig. 7L) , whereas it was severely decreased in the MZcdh1 rk3 mutant embryos (Fig. 7Q) , indicating that the adhesion between the EVL and the DCs was defective. Microfilaments in the cell surfaces of the EVL and the DCs were maintained at a reduced level in the MZcdh1 rk3 mutant embryos (Fig. 7S,T,W,X) . The ring-like F-actin structures in the margins of the EVL and the DCs, which have been suggested to be involved in epiboly (Cheng et al., 2004) , were observed in the MZcdh1 rk3 mutant embryos, although the location of the DC margin was different from the EVL margin in the mutant embryos (Fig. 7U,V,Y,Z) .
Electron microscopic analysis showed tight adhesions between the EVL cells (Fig. 8A,C) , and the DCs (Fig. 8A,C ,E,G) and between the EVL cells and DCs (Fig. 8A,C,E) in the wild-type control embryos. We have not observed adhesion between the DCs and the YSL in the control embryos (data not shown). In the cdh1 morphant embryos, the adhesions between the DCs and the EVL cells were not significantly affected (Fig. 8B,D,H) . In marked contrast, there were spaces in most of the contact regions between the EVL cells and the DCs in the cdh1 morphant embryos (Fig. 8B,D,F) . In some sections, we observed that the DCs touched the EVL, but their associations were loose (Fig. 8D) . These data suggest that the major abnormality of the cell-cell interactions in the Cdh1-defective embryos is a defective adhesiveness between the EVL and the DCs.
Discussion
rk3 is a hypomorphic allele of a zebrafish e-cadherin mutation
We isolated a zebrafish e-cadherin/cdh1 mutant. The cdh1 rk3 mutant embryos showed variable phenotypes in gastrulation movements and tissue morphogenesis (Fig. 1) . The severity and expressivity of the mutant phenotypes were reduced when the embryos were cultured at a higher temperature (Fig. 2) . Inhibition of the zygotic cdh1 transcripts by a splicing-blocking MO in cdh1 rk3 mutant embryos led to more severe phenotypes, which were also observed in the MZcdh1 rk3 mutant and cdh1 morphant embryos (data not shown). These data suggest that rk3 is a hypomorphic allele. In rk3, we found a mutation in the first intron that introduces a splicing acceptor at an aberrant position and thereby inserts a stop codon before Val-71 (Fig. 3) . We detected the aberrantly spliced transcripts as the major transcripts in the mutant embryos. If Cdh1 protein is generated from the mutant transcripts using the original translational initiation site, it should not contain any cadherin repeat domains and it is likely to be non-functional. There are two possible explanations for the hypomorphic character of the rk3 allele. First, the aberrantly spliced transcripts may generate a shorter form of Cdh1 protein using an alternative translational initiation site(s), and the shorter Cdh1 may have a retained but reduced activity, as reported for N-cadherin (Bitzur et al., 1994) . However, immunoblotting with an antiCdh1 antibody that potentially recognizes the shorter form of Cdh1 (Babb and Marrs, 2004) did not detect a shorter form(s) of Cdh1 in the rk3 embryos (Fig. 3, data not shown) . Alternatively, it is possible that an undetectable level of the correctly spliced transcript is generated from the mutant genome, since the original splicing acceptor is intact in it. Consistent with this possibility, we detected a small amount of Cdh1 protein in the MZcdh1 rk3 mutant embryos, although we do not exclude the possibility that the antibody recognized other cadherin proteins or other unrelated proteins with the same molecular weight.
Most of the temperature-sensitive (ts) alleles of zebrafish mutants show a milder mutant phenotype at a lower culture temperature, whereas the cdh1 rk3 mutant embryos displayed a milder phenotype at a higher temperature (Fig. 2) . Since the cdh1 morphant embryos did not show temperature-dependent changes in the expressivity and severity of the phenotype (data not shown), the temperature sensitivity is not associated with the strong loss of function of Cdh1, rather, the temperature sensitivity is a specific property of the cdh1 rk3 mutation. We did not observe an increase in correct splicing of the cdh1 transcripts or in synthesis of the Cdh1 protein at the permissive temperature of 34 8C. These data suggest that the culture temperature does not strongly affect the splicing, although an undetectable level of increase in the correct splicing at 34 8C might contribute to the temperature sensitivity of the rk3 allele. One possible explanation for Fig. 8 . Cell adhesion between the deep cells and the enveloping layer is disrupted in cdh1 morphant embryos. Wild-type control (wt, A, C, E, G) and cdh1 morphant embryos (MO) embryos (B, D, F, H) were fixed at 8.5 hpf (80% epiboly for the wild-type) and subjected to electron microscopic analysis. Lateral regions. Adhesion between the enveloping layer (EVL) and the deep cells (DCs) was detected in the wild-type control embryos (indicated by arrows in A, C, E), but was severely affected in the cdh1 morphant embryos (arrows in B, D, F). In contrast, the adhesions between the EVL cells (arrowheads in A, C, D) or between the DCs (arrowheads in G, H) were not significantly affected in the cdh1 morphant embryos, compared with the wild-type control embryos. the temperature sensitivity is that the cell adhesion system, which is involved in gastrulation movements and tissue morphogenesis, exhibits a temperature dependency, and it is more stable at a higher temperature. The cdh1 rk3 mutation might not be directly related to the temperature sensitivity. The mutant phenotypes caused by the fragility of the cell adhesion were observed only in embryos that had a relatively low level of Cdh1 protein at 28.5 8C. The sharp reduction in Cdh1 protein strongly disrupted the cell adhesion system and it could not be rescued at the high temperature. Consistently, in the MZcdh1 rk3 mutant embryos, which had only mutant alleles in their genomes, the severity and expressivity of the epiboly arrest phenotypes were not temperature-sensitive (data not shown).
E-cadherin is required for various processes of gastrulation and tissue morphogenesis
rk3 is a hypomorphic allele, and some of the cdh1 rk3 mutant embryos survived past the pharyngula period. We thus could examine the later phenotypes caused by the loss of E-cadherin. It was previously reported that the inhibition of E-cadherin by a translation-blocking MO leads to several defects in cell movements and tissue morphogenesis (Babb and Marrs, 2004) . Most of these early phenotypes were also observed in the cdh1 rk3 mutant embryos. Both the previously reported cdh1 morphant embryos and the cdh1 rk3 mutant embryos show abnormalities in epiboly, convergence, and extension, and in the formation of the hatching gland. However, we did not detect any apparent abnormality in the formation of axon tracts in the anterior central nervous system, such as the anterior commissure, postoptic commissure, tract of the postoptic commissure, or the supraoptic tract, in the cdh1 rk3 mutant embryos. We also did not find a strong loss of the hatching gland in the cdh1 rk3 mutant embryos (Fig. 1) . The differences may be simply due to the different amounts of reduction in Cdh1 protein in these embryos. However, the levels and expression patterns of goosecoid and hgg1, which are expressed in the dorsal organizer and its derivative hatching gland, were maintained in the mid and late gastrula in the cdh1 rk3 mutant embryos (Figs. 1,6 ), suggesting that the head-inducing activity of the dorsal organizer may not be strongly affected in the cdh1 rk3 mutant embryos. Although the filopodia formation of the anterior axial mesendoderm was observed in the MZcdh1 rk3 mutant embryos and the cdh1 morphant embryos (Fig. 6) , the migration speed was decreased in the cdh1 morphant embryos. The morphology and position of the hatching gland were further perturbed after gastrulation (Fig. 1) . Since cdh1 is strongly expressed in the prechordal plate/hatching gland (Babb et al., 2001 ), E-cadherin-mediated cell adhesion in the prechordal plate/hatching gland may be required for migration and the integrity of the hatching gland cells.
We found that the structure of the anterior central nervous system appeared flattened and the ventricle was narrowed in the cdh1 rk3 mutant embryos (Fig. 1) , but we did not detect any abnormalities in neural patterning and cell differentiation (data not shown). These data suggest that the loss of E-cadherin simply affects the morphogenetic process of the neuroectoderm and that it is not involved in the determination and/or differentiation of specific cells. It is not clear whether E-cadherin expressed in the neuroectoderm was responsible for the flattened neural tissue phenotype or whether the defects in the gastrulation movements affected the formation of the neural tube. The silberblick, trilobite, and knypek zebrafish mutant embryos, which display defects in convergence and extension, do not show similar neural phenotypes (Heisenberg et al., 2000; Solnica-Krezel et al., 1996) . E-cadherin-mediated cell adhesion in the neural tissue is likely to be involved in the formation and/or maintenance of the proper structure of the anterior central nervous system. In addition to the flattened central nervous system, we found loosely organized trigeminal ganglia and aberrant axon bundles from the trigeminal ganglia in the cdh1 rk3 mutant embryos. cdh1 is highly expressed in the trigeminal ganglia (Liu et al., 2003) , suggesting that cdh1 expressed in the trigeminal neurons is required for formation of the compact structure of the trigeminal ganglia, and for the axon outgrowth/fasciculation of the trigeminal ganglia. A similar phenotype is reported for n-cadherin/cdh2 morphant and cdh2 mutant parachute embryos (Kerstetter et al., 2004) , suggesting non-redundant roles for E-cadherin and N-cadherin in the formation of the trigeminal ganglia and trigeminal axons. Alternatively, E-cadherin and N-cadherin may have a similar activity in the trigeminal neurons, but either one alone may not be sufficient. Transplantation using Cdh1-, Cdh2-, or Cdh1/ Cdh2-deficient cells will be required to clarify this issue.
Involvement of E-cadherin in convergence and extension movements
The cdh1 rk3 mutant embryos had wider somites at the segmentation stage (Fig. 6 ). This phenotype was not due to abnormal dorso-ventral patterning (Fig. 6 ). Cell tracing revealed that the cdh1 rk3 mutant embryos had mild defects in the convergence and extension movements (Fig. 6 ). Many molecules have been reported to be involved in the convergence and extension movements in zebrafish and Xenopus embryos (Solnica-Krezel and Cooper, 2002) . One such molecule is the protocadherin PAPC Yamamoto et al., 1998) . However, papc-deficient mice show no apparent abnormality in development (Yamamoto et al., 2000) , suggesting that other cadherin(s) may play a role in the convergence and extension in mice and other species. In this study, we obtained genetic evidence that E-cadherin is involved in the convergence and extension movements. How does E-cadherin control convergence and extension? Mediolateral intercalation is considered to be a driving force of the convergence and extension in the dorsal region of embryos, and cell adhesion plays a role in the mediolateral intercalation (Solnica-Krezel and Cooper, 2002) . Reduction of the DC adhesion in the cdh1 rk3 mutant embryos might affect the mediolateral intercalation, although a strong reduction in DC adhesion was not observed in the MZcdh1 rk3 mutant or cdh1 morphant embryos. In the lateral region of the embryos, the cells show dorsal migratory behavior with mediolaterally biased cell polarity (Solnica-Krezel and Cooper, 2002) . We have not observed any apparent abnormalities in the cell polarity in either the dorsal or lateral regions (data not shown), in contrast to the convergence and extension mutants knypek and trilobite (Jessen et al., 2002; Topczewski et al., 2001 ). However, defects in the E-cadherinmediated cell adhesion might subtly affect cell polarization and migratory behavior. Alternatively, the defect in the epiboly movement in the cdh1 rk3 mutant embryos may secondarily affect convergence and extension, given that treatment of an embryo with nocodazole primarily affects the epiboly movement and simultaneously affects convergence and extension (Solnica-Krezel and Driever, 1994) .
A role for E-cadherin in epiboly
We tried to elucidate the molecular mechanism by which E-cadherin controls epiboly. As observed in zebrafish epiboly mutants (Kane et al., 1996) , vegetal movement (expansion) of the YSL and EVL commenced relatively normally but the epiboly of the DCs was arrested in the MZcdh1 rk3 mutant and cdh1 morphant embryos (Fig. 4) , indicating that the E-cadherin-mediated cell adhesion is not required for the epiboly of the YSL and EVL. The data suggest that E-cadherin-mediated cell adhesion is involved either in the autonomous vegetal expansion of the DCs (active role), or in the YSL and/or EVL's towing of the DCs vegetally (passive role). The ring-like F-actin-based structures, which have been suggested to be involved in the autonomous vegetal movement of the DCs (Cheng et al., 2004) , were observed in the MZcdh1 rk3 mutant embryos (Fig. 7) , indicating that the microfilament-based force for the epiboly of DCs was not significantly affected in the Cdh1-defective embryos. Cdh1 protein and b-catenin were detected in the contact surfaces between the DCs, between the DCs and the YSL, and between the DCs and the EVL in wild-type embryos (Fig. 7) . In the MZcdh1 rk3 mutant embryos, the accumulation of b-catenin on the membrane was severely reduced in the contact surface between the DCs and the EVL, but was relatively maintained in the other contact surfaces (Fig. 7) . Consistent with this observation, electron microscopic analysis revealed a dissociation of the DCs from the EVL in the cdh1 morphant embryos (Fig. 8) . Taken together, the cell adhesion between the DCs and the EVL was strongly abrogated in the embryos that had decreased levels of Cdh1 protein. The data suggest that the E-cadherin-mediated cell adhesion between the DCs and the EVL is required for the EVL's towing of the DCs in epiboly. In this context, Cdh1-deficient DCs were expected to show a defect in vegetal movement in the wild-type embryos.
However, the Cdh1-deficient DCs moved vegetally like the control cells in the wild-type embryos (Fig. 6) . It is likely that the Cdh1-deficient cells attached to the surrounding cells and moved vegetally as a community. This is consistent with the observation that the adhesions between DCs were maintained in the cdh1 morphant embryos (Fig. 8) . Studies in Fundulus embryos indicated that the vegetal movement of the YSL helps drive epiboly, and the YSL tows the EVL vegetally in teleost epiboly (Betchaku and Trinkaus, 1978; Trinkaus, 1951) . Our data suggest that the EVL mediates the YSL's towing force on the DCs and that the E-cadherin-mediated adhesion between the EVL and DCs plays an important role in this process.
While we were preparing this manuscript, Kane et al. (2005) and Montero et al., 2005 reported the role of E-cadherin in the epiboly movement and the migration of the embryonic shield, respectively. Kane et al. (2005) revealed that e-cadherin/cdh1 is the gene responsible for the epiboly mutants, half baked (hab), avalanche, lawine, and weg. Our data on the cdh1 rk3 mutant embryos further support the finding that E-cadherin is required for epiboly movement in zebrafish. Kane et al. (2005) found that radial intercalation, in which DCs in the interior layer of the epiblast move into the exterior layer, is affected in the hab (cdh1) mutant embryos, arguing that the E-cadherinmediated adhesion between the DCs is required for the radial intercalation, and the defective radial intercalation affects the epiboly movement in the mutant embryos. It is possible that defective adhesion between the EVL and DCs releases the DC population and secondarily affects the radial intercalation process in the DC population, although the role of E-cadherin in the radial intercalation is reported to be cell-autonomous (Kane et al., 2005) . Alternatively both the mechanisms may cooperatively drive the epiboly movement. Future studies including the EVL-or DCspecific knockdown of E-cadherin should be required to clear this issue. The cdh1 rk3 mutant was isolated by a haploid screening using F1 female fish that was derived from ENU-treated AB male fish. In the screening, the haploid embryos were fixed at the early segmentation stage and analyzed by in situ hybridization with the neural markers fez-like, engrailed, krox20, and a neuronal marker deltaB (Yabe et al., 2003) . The cdh1 rk3 mutant haploid embryos had a neuroectoderm with a shorter anterior-posterior axis and a longer dorsoventral axis than wild type, suggesting the convergence and extension movements were defective. Heterozygous cdh1 rk3 fish was obtained by crossing the cdh1 rk3 mutants with wildtype AB male fish, and zygotic cdh1 rk3 mutant embryos were obtained by crossing the heterozygotes. weg tx230 was used for the complementation analysis. The cdh1 rk3 heterozygous fish was mated with wild-type India fish to generate F1 families. Homozygous cdh1 rk3 mutant embryos were selected by morphological criteria. We used samples of their genomic DNA for segregation analysis. For segregation analysis with the cdh1 gene, we used a RFLP (restriction fragment length polymorphism) marker in an intron of the cdh1 gene. The PCR fragments were amplified with the primers 5 0 -TTCCAA ACAAAGCTCCAAGCCATC-3 0 and 5 0 -TTACAGCCAT TGATCCAGACACTG-3 0 , and incubated with HindIII, which digested the India-derived but not the AB (mutant)-derived PCR products.
To make the MZcdh1 rk3 mutants, we inserted mouse e-cadherin (mcdh1) cDNA into pCS2C and generated mcdh1 RNA. The mcdh1 RNA (400 pg) was then injected into embryos obtained from the cdh1 rk3 heterozygous fish, which were then grown. The homozygous adult fish was identified using the RFLP analysis.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed principally as described previously (Jowett and Yan, 1996) . BM purple AP substrate (Roche) was used as the substrate for alkaline phosphatase. The methods for detecting hgg1 (Fekany et al., 1999) , myoD (Weinberg et al., 1996) , and papc have been published. Fragments of apoA-I (Babin et al., 1997) and keratin8 (Gong et al., 2002) were generated by PCR and used for whole-mount in-situ hybridization.
Bodipy-ceramide staining and confocal microscopy
Bodipy-ceramide (Fl C5, Molecular Probes) was dissolved in DMSO to a stock concentration of 5 mM. Dechorionated embryos were soaked in 50 mM Bodipyceramide solution for 4 h in the dark. The embryos were then washed and embedded in low-melting-point agarose for confocal microscopy.
Immunohistochemistry and phalloidin staining
For immunostaining, mouse monoclonal anti-acetylated tubulin (Sigma, Clone 6-11B-1), rabbit anti-Cdh1 (Babb and Marrs, 2004) , and rabbit anti-b-catenin (Sigma C2206) antibodies were used at dilutions of 1:1000, 1:500, and 1:500, respectively. Embryos were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 4 h at 4 8C. The dechorionated embryos were washed with PBS, 0.1% Triton X-100 (PBS-T) five times, and with PBS, 0.1% Triton X-100, 1% DMSO (PBS-DT), and blocked with 5% goat serum in PBS-DT for 1 h. The samples were incubated with the primary antibodies overnight at 4 8C, and washed four times with PBS-T. The samples were then incubated with secondary antibody (1/400 dilution, Alexa Fluor 568, goat anti-rabbit IgG (HCL) or goat anti-mouse IgG (HCL), Molecular Probes) overnight at 4 8C, and washed four times with PBS-T. For phalloidin staining, the fixed embryos were washed with PBS, 0.1% DMSO (PBS-D) five times, and soaked in 1 mM Alexa Fluor 488-phalloidin (Molecular Probes) overnight at 4 8C. The stained embryos were then washed with PBS-D five times. Fluorescence images were taken with an LSM5 Pascal laser scanning inverted microscope (Zeiss). Images of the anti-acetylated tubulin immunostaining were constructed from Z-stack sections by a 3D projection program associated with the microscope.
DAPI staining and microscopy
Embryos were fixed in 4% paraformaldehyde, PBS for 2 h at room temperature, washed with PBS-T, and incubated in 0.01% DAPI for 1-2 h. Nomarski differential interference contrast (DIC) optical images and fluorescence images were taken with an AxioCam attached to an AxioPlan2 microscope (Zeiss). For the time lapse analysis, embryos were mounted in slide glass and DIC images of anterior axial mesendoderm were taken or at 2 min interval for 22 min from 8.5 hpf by AxioCam. To count the cellular processes of cells at the leading edge of the anterior axial mesendoderm, 15 cells were randomly chosen from three embryos and the cellular processes (e.g. filopodia) were counted at four consecutive time points (from 8.5 hpf, time interval 6 min) in control and cdh1 morphant embryos. The migration length of the anterior axial mesendoderm was measured by AxionVision 4.2 program and the average speed was calculated.
Morpholino oligonucleotides
The antisense morpholino oligonucleotides (MOs) were generated by Gene Tools (LLC, Corvallis, OR, USA). We used two different MOs for cdh1. One MO recognized the translation initiation site of the cdh1 gene (translationblocking MO). The sequence of this MO was 5 0 -CCAC AGTTGTTACACAAGCCATTTG-3 0 . The other MO, cdh1MO, recognized the splicing donor of the first intron (splicing-blocking MO). The sequence of cdh1MO was 5 0 -AAAGTCTTACCTGAAAAAGAAAAAC-3 0 . The sequences of the control MOs for the translation-blocking and the splicing blocking MOs were 5 0 -CCAgAGTTcTTAC AgAAGCgATaTG-3 0 and 5 0 -AAAcTCaTACgTGAAAA AcAAAtAC-3 0 , respectively. The MOs were dissolved in and diluted with 1! Danieau's buffer and injected into the yolk of one-cell-stage embryos (Nasevicius and Ekker, 2000) .
Cell labeling and transplantation
Photoactivation of caged fluorescein dextran (Molecular Probes) in cells at the lateral marginal blastoderm and in the embryonic shield was carried out as described (Sepich et al., 2000; Topczewski et al., 2001) . The embryos were also fixed at 10.5 hpf and subjected to in situ hybridization with the papc riboprobe ; this was followed by staining the uncaged fluorescein dextran with an alkaline phosphatase (AP)-conjugated anti-fluorescein antibody and Fast Red (Roche). Transplantation was performed principally as described previously (Ho and Kane, 1990) . Fluorescein dextran and Alexa Fluor 568 dextran (Molecular Probes) were used as tracing markers.
Electron microscopy
Electron microscopic analysis was carried out principally as described previously (Yonemura et al., 2002) . Briefly, samples were fixed with 2% fresh formaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) for 2 h at room temperature and then post-fixed with 1% OsO4 in the same buffer for 2 h on ice. They were then rinsed with distilled water, stained with 0.5% aqueous uranyl acetate overnight at room temperature, dehydrated with ethanol, and embedded in Polybed 812 (Polyscience). Ultrathin sections were cut with a diamond knife, double stained with uranyl acetate and lead citrate, and examined with a JEM 1010 transmission electron microscope (JEOL) operating at an accelerating voltage of 100 kV.
